TGFβ superfamily includes the transforming growth factor βs (TGFβs), bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) and Activin/Inhibin families of ligands. Among the 33 members of TGFβ superfamily ligands, many act on multiple types of cells within the heart, including cardiomyocytes, cardiac fibroblasts/myofibroblasts, coronary endothelial cells, smooth muscle cells, and immune cells (e.g. monocytes/macrophages and neutrophils). In this review, we highlight recent discoveries on TGFβs, BMPs, and GDFs in different cardiac residential cellular components, in association with functional impacts in heart development, injury repair, and dysfunction. Specifically, we will review the roles of TGFβs, BMPs, and GDFs in cardiac hypertrophy, fibrosis, contractility, metabolism, angiogenesis, and regeneration.
Introduction
TGFβ superfamily members, especially transforming growth factor βs (TGFβs), bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) are central regulators of cellular processes such as cell proliferation, differentiation and migration in multiple cellular components of the cardiovascular system. As a result, TGFβ superfamily members control tissue and organ function during embryonic heart development and adult injury responses and partake in the pathogenesis of multiple cardiovascular diseases ( Table 1) .
TGFβ family and the downstream signaling pathways
There are three TGFβ ligands, TGFβ1, β2, and β3, all of which are expressed in the heart and upregulated in cardiac disease conditions [1] [2] [3] [4] . TGFβ1 differs from TGFβ2 in its temporal-spatial expression pattern during heart development [4] , and may have distinct functions [5] . TGFβ1 knockout causes excessive inflammatory responses in the heart and lung leading to lethality [6, 7] . TGFβ2 knockout does not phenotypically recapitulate TGFβ1-knockout mice, instead, it causes broad organ defects due to impaired epithelial-mesenchymal-transition (EMT) processes [5] . TGFβ3-knockout mice do not have a cardiac phenotype, rather they showed palatal fusion defects resulting in cleft palate [8] . Nevertheless, in adult mouse, the functional differences among TGFβ1, β2, and β3 are not well documented [1, 2, 9, 10] .
Following cardiac ischemic injury, TGFβ1 and β2 are upregulated early, while TGFβ3 exhibits a delayed and sustained induction [11] . During myocardial hypertrophic growth, levels of the three TGFβ ligands also increase significantly in the myocardium [3] . The secreted TGFβ, in the propeptide form, is stored in the latent complexes at the extracellular matrix (ECM) and released by an activation process mediated by integrins, proteases and matrix proteins [12] [13] [14] . In the healthy heart, TGFβ is released by cardiomyocytes, fibroblasts, and endothelial cells [10, 15] . During injury repair, it is also secreted by myofibroblasts and infiltrating immune cells [16, 17] .
TGFβ ligands bind to type II receptors (TGFβRII) and type I receptors (TGFβRI) to initiate Smad2/Smad3-dependent and -independent (e.g. TAK1, MAPK, and Akt) signaling and the subsequent transcriptional outcomes. The major TGFβ type I receptor, Alk5, is expressed in cardiomyocytes, fibroblasts, coronary smooth muscle cells and epicardial cells in the heart of mammals and zebrafish, and transduces TGFβ ligand-elicited effects in processes such as epicardial EMT and myocyte regeneration [18] [19] [20] . TGFβ also binds to Alk1 to activate the SMAD1/5/8 signaling pathway; this TGFβ-Alk1-SMAD1/5/8 pathway promotes endothelial cell proliferation, migration and angiogenesis [21, 22] . TGFβ is also the major regulator of myocyte-fibroblast interactions. Locally released TGFβ acts on cardiac fibroblasts to induce fibroblast-to-myofibroblast conversion and promote ECM synthesis [23, 24] . It is noteworthy that TGFβ ligands display multi-faceted effects on immune cells. They help recruit neutrophils [25] , but also repress pro-inflammatory activities of macrophages and promote macrophage polarization to modulate cardiac inflammatory responses [26] .
BMP family and the downstream signaling pathway
BMPs were first discovered as inducers of ectopic bone and cartilage formation and named after these functions. BMP2-4 were cloned soon afterwards and found to share homology with TGFβ protein [27, 28] . Since then, more than 20 BMPs have been identified. Many BMPs (e.g. BMP2, BMP4, and BMP10) are directly expressed in myocardium and coronary vessels; others (e.g. BMP6 and BMP9) are secreted from liver into the circulation [29, 30] . Beyond their roles in bone/cartilage induction, the essential functions of BMPs in cardiac development and cardiomyogenesis in vitro have been well documented [31] [32] [33] [34] [35] . Upon cardiac injury, BMP ligands are differentially regulated [36] [37] [38] . For example, BMP4 levels are elevated in pressure overload-induced cardiac hypertrophy, acute infarction, and chronic ischemic heart disease [37] . Conversely, BMP7 levels are reduced during pressure overload-induced hypertrophy [38] .
BMP ligands bind to type II and type I receptor complexes to initiate Smad1/Smad5/Smad8-dependent or -independent (e.g. MAPK and p38) signaling and subsequent transcriptional regulation. BMPresponsive type I receptors include the BMP receptor type IA (BMPRIa, also known as Alk3), type IB (BMP-RIb, also known as Alk6), Activin receptor type 1 (ACVR1, also known as Alk2), and Activin receptor-like kinase 1 (ACVRL1, also known as Alk1). The type II receptors include BMP receptor type II (BMPRII), Activin receptor type 2A (ActRIIA), and type 2B (ActRIIB). These types I and II receptors allow for more than 11 types of receptor complex combinations that contribute to the functional diversity of BMP ligands.
GDF subfamily and downstream molecular signaling pathways
Several GDFs, e.g. myostatin (GDF8), GDF11, and GDF15, are expressed in the heart and play distinct functions [39] [40] [41] [42] [43] . Myostatin is primarily expressed in the skeletal muscle and best known as the major negative regulator of skeletal muscle growth and hypertrophy. Interestingly, myostatin is also present in fetal and adult hearts [44] , especially under pathological conditions, such as infarction, hypertrophy, and heart failure [45] . GDF11 levels decline with age and it is associated with aging-related cardiac diseases [41, 42] , although its therapeutic effects remain controversial [46] [47] [48] . GDF15 is another heart-derived hormone that is elevated in cardiac pathological conditions and exhibits cardiac protective functions [43, 49, 50] .
GDF ligands induce signaling through a diverse array of receptors. Myostatin (GDF8) binds to the ActRIIA/B and recruits Alk3/ Expressed in the heart Perinatal mortality; excessive inflammation in the heart and lung [6, 7] Upregulated promptly after infarction and during hypertrophy [11] ; suppression of inflammation [6, 7] ; activation of myofibroblast [115] ; required for zebrafish heart regeneration [19] 
TGFβ2
Expressed in the heart Perinatal mortality; defects in cardiac outflow tract, valves, septum and ventricles [5] Upregulated promptly after infarction [11] TGFβ3 Expressed in the heart Viable, no cardiac abnormality Upregulated in the later stage at infarct site [11] 
BMP BMP2
Expressed in the heart Early embryonic lethality [181] Upregulated in the injury border zone [36] ; participation in Tbx20 OE -induced cardiomyocyte proliferation post-MI [93] 
BMP4
Expressed in the heart Early embryonic lethality [35] Upregulated following pressure-overload, infarction [37] , and hormonal stress [182] 
BMP7
Expressed in the heart Viable, no obvious cardiac abnormality [183] Downregulated in pathological hypertrophy [38] ; BMP7 treatment attenuated cardiac dysfunction and reduced cardiac fibrosis [38] 
BMP10
Expressed in the heart Embryonic lethal, dramatic reduction of cardiomyocyte proliferation [184] Expression in the right atrium of adult mouse [184, 185] Control of heart mass in the presence of various stimuli [39, 40] 
GDF11
Expressed in the heart No cardiac abnormality, embryonic lethality because of defects in kidney, GI tract, palate [190, 191] Downregulated in aged/infarcted hearts; antagonism against aging-related hypertrophy [41, 42] ; promotion of cardiac progenitor cells after injury [42, 46] 
GDF15
Low expression in the heart Viable, no obvious cardiac abnormality [192] Induced post-MI; prevention of rupture post-MI by blocking excessive polymorph nuclear leukocytes recruitment [43] Alk4/Alk5 to activate Smad2/Smad3-dependent inhibition of AktmTOR signaling [44, 45, 51] . GDF11 is highly homologous to myostatin, utilizes the same receptor complexes, and induces similar transcriptional outcomes as myostatin [41, 52] , but is more potent [53] . GDF15 activates Smad2/Smad3, but the receptors utilized remain elusive [50] . Recently, a GDF15 has been revealed to bind with a distant member of TGFβ superfamily receptor, GDNF family receptor α-like (GFRAL) which is predominantly expressed in the brain [54, 55] . GDF15 binds to GFRAL and its co-receptor RET to activate Erk, Akt, and PLCγ pathways in neurons, leading to reduction in energy intake and weight loss [54] [55] [56] [57] . It remains unclear whether similar mechanisms are employed in the heart. In the heart, TGFβ superfamily ligands act on multiple cell types, including cardiomyocytes, cardiac fibroblasts, coronary endothelial cells, smooth muscle cells, cardiac residential immune cells, and stem/progenitor cells, via autocrine, paracrine, and endocrine mechanisms. In this review, we aim to highlight recent discoveries on TGFβ superfamily members in different cellular components within the heart that lead to functional impacts in cardiac dysfunction and regeneration (Fig. 1) . A detailed hierarchical classification of TGFβ ligands, receptors, and key signaling proteins can be found in several recent reviews [58] [59] [60] [61] .
Roles of TGFβ, BMP, and GDF Signaling Pathways in Cardiac Pathophysiology
Cardiomyocyte hypertrophy, survival, and metabolism Earlier studies using mouse genetic models with cardiomyocytespecific TGFβ ligand deficiency demonstrated that myocyte-released TGFβ acts on multiple cell types within the cardiac microenvironment and modulates cell-cell interactions, therefore stimulating a collection of outcomes including cardiac hypertrophy, fibrosis, and worsening of ventricular function [62, 63] . In recent years, cardiomyocyte-specific manipulations of intracellular mediators further elucidated the myocyte-intrinsic functions of TGFβ signaling. Inducible cardiomyocyte-specific deletion of TgfβRII reduced fibrosis, decreased hypertrophy, and improved function, but depletion of TgfβRI failed to do so. Mechanistically, TGFβRII deficiency reduced Smad2/3 and TAK1 activation in both myocyte and interstitial cells, but TGFβRI depletion only inhibited myocyte Smad activation without reducing interstitial Smad2/3 activation and did not reduce TAK1 activation in either cell type. These findings suggest that myocyte-to-interstitial cell signaling plays critical roles and highlight the non-Smad pathway mediated by TAK1 as a major component in maladaptive hypertrophic and ventricular dysfunction [64] . TGFβ signaling has also been shown to modulate cell death. TGFβ stimulation enhances cardiomyocyte apoptosis via Smad4 and AP1 signaling [65, 66] , whereas TGFβ treatment was also found to protect cardiomyocyte from apoptosis and necrosis in response to ischemia reperfusion in vitro and in vivo [67, 68] , suggesting that myocyte-secreted TGFβ1 modulates the microenvironment to reduce cell death. Genetic studies using non-inducible models also showed that TGFβ signaling homeostasis is crucial for heart development and functional maintenance. Overexpression of SMAD4 reduced cardiomyocyte hypertrophic responses to α-adrenergic stimulation [69] . Cardiomyocyte-specific deletion of Smad4 or Smad7 induces maladaptive hypertrophy and dysfunction, one associated with enhanced MEK-ERK signaling [70, 71] , the other associated with enhanced Smad2/Smad3 signaling [72] (Fig. 2) .
Besides stimulating fibroblast activity, myocytes also direct immune cell activity through TGFβ signaling. Cardiomyocytespecific deletion of either TgfβRI or TgfβRII protected the heart against early-onset rupture related-mortality by dramatically reducing neutrophil recruitment and enhancing protective cytokine production [25] . Consistent with these findings, cardiomyocytespecific deletion of Smad7 caused elevation of pro-inflammatory cytokine expression and recruitment of neutrophils and macrophages [71] . Several BMP and GDF ligands also modulate myocyte functions. Recombinant BMP7 treatment attenuated cardiac dysfunction and reduced cardiac fibrosis and ventricular remodeling under pressure overload [38] . GDF8/myostatin inhibits cardiac hypertrophy upon physiological and pathological stimuli, besides its inhibitory effects on skeletal muscles [39, 40, 73] . Genetic inactivation of Gdf8 enhances the hypertrophic response to both α-and β-adrenergic stimulation due to increased p38, Akt phosphorylation and enhanced Ca 2+ transients, respectively [39, 40] . GDF8 also controls cardiomyocyte metabolism and loss of Gdf8 shifts cardiomyocytes towards glycolytic metabolism via AMP-activated kinase (AMPK) [45] . Another GDF ligand, GDF11, has been associated with aging. GDF11 expression decreases in the blood and hearts of aged mice, and in infarcted hearts. Using heterochronic parabiosis, a surgery approach that creates shared circulation between a young and an old mouse, GDF11 is identified as a systematic factor in the young blood antagonizing cardiac hypertrophy in old mice and the protective effects have been attributed to reduced phosphorylation of Forkhead transcription factors such as FoxO2 and FoxO3α [42] . This is further supported by subsequent finding that circulating GDF11 declines with age in multiple species, including mouse, rat, horse, and sheep, that administration of GDF11 decreased heart mass in both young and old mice [41] , and that delivery of GDF11 mRNA in aged mouse heart after MI enhanced myocardial regeneration through increasing Sca-1 + stem cells [46] . But the conception of GDF11 as a 'youth factor' that rejuvenates the aged heart has also been challenged when recombinant GDF11 failed to reduce cardiac hypertrophy or improve contractile function in aged mice, and failed to extend lifespan in a murine genetic model of premature aging [48, 74, 75] . GDF15 surges in pathological situations [49] , such as myocardial infarction [43, 49] and pressure overload [50] . GDF15 reduces pressure overload-induced hypertrophy [50] . GDF15 also protects cardiomyocyte from apoptosis and protects heart from rupture, through either activating PI3K/Akt or inhibiting polymorphonuclear leukocyte infiltration [43] .
Cardiomyocyte contractility and TGFβ/BMP/GDF effects on ion channels
It's not surprising, considering the heart is enriched in ion channels controlling electrophysiological function, that the multipotent TGFβ1 regulates ion channels. In cultured neonatal rat cardiomyocytes, serum deprivation eliminates spontaneous beating, but supplementation of TGFβ1 was sufficient to restore spontaneous beating [76] . However, in the presence of serum, TGFβ1 reduced spontaneous beating by~20% in rat neonatal cardiomyocytes [77] , suggesting that a precise control of TGFβ1 levels is required for the homeostasis of cardiac contractility. There is also evidence for an alteration in sarcoplasmic reticulum (SR) structure and Ca 2+ handling, specifically an increase in inositol trisphosphate (IP 3 ) receptor-mediated calcium . TGFβ family members exhibit distinct effects on heart hypertrophy TGFβ binds to its own receptors RII and RI, activates TAK1, SMAD2/3, and p38, and moderately promotes cardiac hypertrophy. Several GDFs antagonize heart hypertrophy at the physiological range of concentration. GDF8 exhibits antihypertrophy effect in the heart by multiple mechanisms. It inhibits the pro-hypotrophic PI3K/Akt signaling pathway, but also suppresses AMP-activated protein kinase (AMPK)-mediated glycolysis, ATP production in the heart. GDF11 shows similar effect as GDF8, but its mechanism is not as well studied as GDF8. GDF15, by modulating SMAD2/3 and PI3K/Akt signaling, exhibits anti-hypertrophy function.
release. TGFβ1 increased the mRNA levels of Na + /Ca 2+ -exchanger in cultured neonatal cardiomyocytes [78] . This effect could be blocked by PKC and MAPK inhibitors, which suggests a non-Smad mechanism downstream of TGFβ signaling. In adult cardiomyocytes, sustained exposure to TGFβ1 (for 3-4 h) caused myocyte dysfunction, as measured by slower contraction and relaxation during field electrical stimulation [79] . This TGFβ1 treatment was associated with an increase in reactive oxygen species (ROS) and an upregulation of NADPH oxidase, and the contractile dysfunction could be partially prevented by ROS scavenging or NADPH oxidase inhibition. A cardiomyocyte-specific Tgfβ1 overexpressing mouse, in which the atria, but not the ventricles, were heavily fibrotic, displayed a modestly increased susceptibility to atrial fibrillation [80] . However, this effect was ascribed to conduction alterations within the atrial tissue, and not to alterations in sinoatrial or atrioventricular node activity. Nor was alteration in cardiomyocyte action potentials identified when measured by intracellular microelectrodes. Avila et al. [81] [83] . TGFβ1 treatment also significantly increased the mRNA level of Na + channel SCN5A (Nav1.5), but reduced the expression of K + channels KCNIP2
(Kchip2) and KCND2 (Kv4.2) [83] . This increase in SCN5A mRNA was blocked by PI3K inhibitor LY29004, once again suggesting a non-Smad pathway-mediated modulation of cardiomyocyte ion channel function. These ion channel alterations may play a role in promoting arrhythmias during heart disease, but more studies in disease models or patient samples are needed to complement these cell culture experiments. Minimal work has been done on potential roles of BMP and GDF in cardiac electrophysiology. A study using Alk3null/flox; cGATA6-Cre mice to specifically knockout BMPR1a in cardiomyocytes of the atrioventricular canal found abnormal atrioventricular node function [84] . Some of these mutant mice showed electrical bypass tracts and abnormal conduction across the ventricles, and these were correlated with disorganized or fibrotic AV nodes. Thus, a defect in BMP signaling during development can impair the formation of the cardiac conduction system. Taken together, these results clearly showed that TGFβ-induced signaling, and potentially BMP signaling, modulates the electrical properties of the heart, and of cardiomyocytes themselves, predominantly through non-Smad pathways, including PKC, MAPK, and PI3K-Akt. However, in the case of TGFβ, the effects and mechanisms appear distinct between the atria and ventricles, and between adult and neonatal cardiomyocytes. More work is needed to unravel the roles of TGFβ and BMP-stimulated pathways in electrical properties of the heart and elucidate how TGFβ and BMP-mediated alterations may contribute to arrhythmias and other complications during heart disease.
Cardiomyocyte regeneration
Adult human cardiomyocytes regenerate at a very low rate. Taking advantage of radioactive carbon-14 ( 14 C), Bergmann et al. [85, 86] found that cardiomyocyte renewal in human hearts is highest in early childhood, and gradually declines to 1% at age 25 and 0.45% at age 75. Cardiomyocyte renewal is stimulated by injury, as indicated by genetic fate mapping in mouse models whereby de novo cardiomyocyte generation increased after myocardial infarction or pressure overload-induced injuries [87] . Nevertheless, this very low rate of cardiomyocyte regeneration makes it impossible for the mammalian heart to heal itself following injuries. Progress in the understanding of cardiomyocyte renewal and its cellular sources has highlighted TGFβ and BMP pathways as potential targets to enhance the regenerative capacity. TGFβ and BMP pathways are among the vital pathways required for zebrafish heart regeneration [88, 89] . The zebrafish heart has been a valuable inspiration and a model to emulate in that it is able to fully regenerate following injury [90] . Genetic fate mapping studies have shown that the newly formed cardiomyocytes are generated from resident cardiomyocytes, which undergo dedifferentiation followed by proliferation and a subsequent re-differentiation process. TGFβ ligands are induced following injury in the zebrafish heart and inhibition of TGFβRI (Alk5) abolished zebrafish heart regeneration [19] . TGFβ promotes transient scar formation, and cardiomyocyte regeneration fails if transient scar formation is impaired in zebrafish [19] . During the transition from scar formation to scar resorption, the expression levels of TGFβ1, β2, and β3 are elevated and activate the downstream Smad2/Smad3 in the injury zone [19] . SB431542 treatment that blocked TGFβ signaling abolished zebrafish heart regeneration [19, 88] . Another study also showed that SB431542 decreased cardiomyocyte proliferation in a zebrafish model of ventricular resection [88] . BMP signaling is involved in cardiomyocyte dedifferentiation. The BMP ligands Bmp2b and Bmp7, receptor BMPRIA (Alk3a) and target gene product Id2b are dramatically increased in the injury border zone [89] . Furthermore, genetic ablation or chemical inhibition of BMP signaling diminishes cardiomyocyte dedifferentiation and myocardial regeneration, and overexpression of the BMP ligand bmp2b is sufficient to enhance cardiomyocyte dedifferentiation and myocardial regeneration [89] .
As for mouse heart regeneration post injury, the effects of TGFβ superfamily members are more variable. Pharmacological inhibition of TGFβRI by a small molecule A83-01 in the adult heart post injury accelerates cardiac repair by dramatically increasing Nkx2.5 + cardiomyocytes or Nkx2.5 + /Sca1 + cardiac progenitors [91, 92] , whereas activation of BMP2-pSmad1/5/8 signaling, together with activation of PI3K-Akt, Yap, and β-catenin pathways, are associated with augmented proliferation of cardiomyocytes in a model of cardiomyocytespecific overexpression of Tbx20 [93, 94] . Dedifferentiation of resident cardiomyocytes, characterized by the disassembly of sarcomeric structures, electrical uncoupling, and re-expression of cell cycle regulators, facilitated zebrafish cardiomyocyte renewal after injury [89, 95, 96] . Rodent cardiomyocyte regeneration from dedifferentiation has also been explored in a few studies [97, 98] . However, it is not clear whether TGFβ superfamily members are involved in this essential cellular process in the mammalian heart. An alternative approach to target heart diseases is to take advantage of exogenous sources of cardiomyocytes, which employ embryonic stem cell (ESC), induced-pluripotent stem cell (iPSC), and directly reprograming technique for de novo cardiomyocyte generation [99, 100] . TGFβ family signaling is critically involved in ES cellderived cardiomyocyte differentiation. SMAD gene cluster expression persists throughout the differentiation stages, with continuous expression of SMAD1, SMAD2, and SMAD4 genes and a delayed expression of SMAD3 [101] . Functional studies further demonstrate that TGFβ-Smad signaling is a barrier during reprogramming. TGFβRI inhibitor A83-01 greatly increased the efficiency of Mesp1-induced cardiac differentiation in ES cells [102] . Similarly, a compound named 1,4-dihydropyridine, identified in a molecule screening, induces ESCbased cardiomyocyte differentiation specifically via degradation of TGFβRII [103] . Similar findings hold true in other types of in vitro cardiomyocyte differentiation processes [104, 105] .
TGFβ family signaling is also one of the major hurdles for direct reprogramming of cardiac fibroblasts to cardiomyocytes. Direct reprogramming of cardiac fibroblasts to cardiomyocytes has been achieved using a cocktail of transcriptional factors GATA4, HAND2, MEF2C, and TBX5 [106] . Injection of these transcriptional factors or the corresponding mRNAs into the ischemic zone following infarction converts cardiac fibroblasts into cardiomyocytes and improves heart function [104] . However, the reprogramming efficiency is less than ideal. Several efforts that succeeded in enhancing the efficiency involve the inhibition of TGFβ signaling. A combination of TGFβ inhibitor SB431542 and WNT inhibitor XAV939, in the presence of Gata4, Mef2c, and Tbx5 factors (GMT), significantly boosts the efficiency for the reprogramming of cardiac fibroblasts into cardiomyocytes and improves cardiac functional preservation after infarction in vivo [104] . Inhibition of TGFβ signaling also promotes epicardial differentiation. TGFβ inhibitors (either A83-01, SB505123, or SB431542) dramatically enhanced the expansion of human iPSC-derived epicardial cells and increased the expression of the epicardial marker WT1 [105] . This is also in line with the reports that pharmacological inhibition of TGFβRI with A83-01 increased Nkx2.5 + /Sca1 + cardiomyocytes after injury [91, 92] . This evidence demonstrates that suppression of TGFβ signaling is a key step for efficient reprogramming or differentiation to cardiomyocytes [107] . In contrast to TGFβ, BMPs, especially BMP4, act in concert with other growth factors such as Activin A and FGF2 to promote pluripotent stem cell differentiation in vitro [108] [109] [110] [111] . In human ES cell differentiation, BMP4 is critical in the growth factor cocktail to promote the generation of the KDR + /c-Kit − population of cardiomyocyte-like cells [108] . It was also shown that mouse ES cell-derived cardiac mesoderm/cardiomyocyte formation is determined by coordinated action of BMP4 and Activin/Nodal [109] . Indeed, recently developed protocols using BMP4 or BMP plus FGF2 under hypoxic conditions achieved great efficiency of cardiac differentiation from human ESC and iPSC [112, 113] . However, it is important to recognize that sustained BMP signaling can have profound inhibitory effects on contracting cardiomyocytes [109] , which indicates that temporal control of these growth factors is crucial for cardiogenesis.
TGFβ/BMP/GDF signaling in cardiac fibroblasts and myofibroblasts
Under cardiac pathological conditions, the renin-angiotensin system is hyperactive and releases stress hormones, such as angiotensin II (AngII) and endothelin 1 (ET1). Almost simultaneously, due to mechanical forces and hormone stress, TGFβ expression surges in the heart, leading to cardiac fibrosis [114, 115] . The major contributors to the fibrotic process are myofibroblasts, marked by expression of α-smooth muscle actin (α-SMA)-positive stress fibers. They are primarily derived from cardiac resident fibroblasts in response to TGFβ stimulation [23, 24] , secreting ECM in the heart upon injury [116, 117] . Myofibroblasts physically bind to the ECM through integrins, forming structural support of the injured heart and maintaining tension to facilitate reparative fibrosis [118] . It was previously believed that the resident endothelial, immune/myeloid and smooth muscle cells all contribute to myofibroblast generation [115] , but recent findings demonstrated that cardiac resident TCF21 + fibroblasts are the only major source for myofibroblasts in the heart following injury [119, 120] . TGFβ induces myofibroblast differentiation through both Smaddependent and independent pathways (Fig. 3) . TGFβ induces the Smad3-dependent pathway to promote the expression of α-SMA and ECM components, such as of Col1α, Col3α, Col5α, Col6α, and Fibronectin [121, 122] . Fibroblast-specific deletion of TGFβRI/II or Smad3 impaired myofibroblast differentiation, diminished fibroblast-derived ECM production, and dramatically reduced cardiac fibrosis [122, 123] . Whole body knockout of Smad3 caused a similar decrease in α-SMA expression and ECM production, but interestingly increased myofibroblast infiltration into the scar area after myocardial infarction [121] . In contrast to Smad3, Smad2 has been shown to be dispensable for this TGFβ-induced function [122] . TGFβ induced Smad-independent signaling also modulates myofibroblast function. TGFβ induces p38 to promote the expression of transient receptor potential cation channel 6 (TRPC6), a mediator of the Ca 2+ -Calcineurin-NFAT pathway, to promote myofibroblast differentiation and wound healing [123] . TGFβ also induces myofibroblast differentiation through modulation of mRNA stability that involves the RNA binding protein muscleblind-like1 (MBNL1) [124] . Additionally, TGFβ protects myofibroblast from apoptosis during infarction by activation of both Smad2/Smad3 and AKT pathways [125] .
TGFβ actively controls matrix composition and turnover. It not only promotes myofibroblast secretion and deposition of ECM components, but also increases the expression of matrix metalloproteinases (MMPs), enzymes that degrade and remodel the ECM, as well as multiple members of tissue inhibitor of metalloproteinase (TIMP), which antagonize MMPs [126, 127] .
These key functions of TGFβ in fibrosis inspired the use of inhibitors that target TGFβ ligand or its receptor Alk5 for reducing fibrosis-related malfunction of the heart. These inhibitors reduced injury-induced fibrotic contraction dysfunction [128, 129] . However, they also caused severe problems, such as increased inflammatory lesions and worsened vascular remodeling, and failed to ameliorate myocyte hypertrophy, which altogether led to soaring mortality [62, 117, 130, 131] . At early phase post-infarction, TGFβ reduces myocardial damage by repressing the expression of proinflammatory cytokines such as tumor necrosis factor α (TNFα) to prevent excessive inflammation [132] . Global inhibition of TGFβ at the early stage post-infarction worsened cardiac remodeling, leading to approximately 100% mortality [62, 63] . However, local blockade of TGFβ signaling by cardiomyocyte-specific deletion of either TGFβRI or TGFβRII protected the heart against early-onset rupture related-mortality [25, 64] . This cardiomyocyte-specific blockade of TGFβ signaling reduced neutrophil recruitment and enhanced the secretion of protective cytokines, including thrombospondin 4, interleukin-33, and GDF15 [25] .
BMP family members have divergent roles in fibroblast biology and cardiac fibrosis. BMP4 is increased in both TAC and AngIIinduced cardiac fibrosis [133] . Isolated cardiac fibroblasts incubated with BMP4 differentiated into myofibroblasts as demonstrated by increased expression of α-SMA and collagen. This myofibroblast differentiation could be blocked by the NADPH oxidase inhibitor apocynin or the antioxidant Tempol, demonstrating a role for oxidative stress in the process. In contrast, BMP7 antagonizes TGFβ effects through Smad1/5 signaling. BMP7 inhibits TGFβ-induced myofibroblast differentiation in vitro and attenuates cardiac fibrosis in vivo [134] . Recombinant BMP7 treatment also attenuated cardiac dysfunction and ventricular remodeling [38] .
Additionally, perivascular progenitor cells that are glioma associated oncogene-1 (Gli1)-positive transdifferentiate into α-SMA + myofibroblasts that contribute to both interstitial and perivascular fibrosis following cardiac chronic injury. Genetic ablation experiments further suggest a significant contribution of these Gli1 + cells to cardiac fibrosis [135] . Whether TGFβ is important in this particular transdifferentiation remains unknown.
TGFβ/BMP/GDF signaling in coronary vessel cell types: endothelial cells, smooth muscle cells, and pericytes of the heart
There is significant evidence supporting the idea that angiogenesis occurs in the heart following various injuries. Rebuilding the injured heart requires the appropriate density of vessels to carry nutrients and oxygen for cardiomyocytes. Vascular morphogenesis and homeostasis are tightly regulated by the growth factors VEGF, FGF, angiopoietin, ephrin, and Dll4 [136] [137] [138] [139] . Unfortunately, despite the demonstrated safety of gene therapy and recombinant protein therapy of vascular growth factors, they have failed in clinical trials during phases II and III [140] . One of the reasons is that they formed leaky angiomas instead of functional capillary vessels in the heart [141] . Broader and novel insight of cardiovascular vasculogenesis is needed for truly regenerative therapies. Cumulative evidence has shown that TGFβ superfamily factors, especially BMPs, e.g. BMP2, 4, 6, 7, and 9, also play essential roles for regulating vascular growth and homeostasis, including angiogenesis and arteriogenesis, mainly from studies of heart development [142] [143] [144] [145] . Coronary vessel formation in the heart involves three elaborate processes, vasculogenesis (formation of primitive vascular structure from endothelial precursor cells), angiogenesis (generation of new microvessels from endothelial proliferation and migration via intussusception or sprouting), and arteriogenesis (maturation of arteries by recruitment of supporting smooth muscle cells and pericytes). A primitive vascular plexus in the myocardium is formed by E13 in mouse [146] , but the developmental process of vascularization in the heart continues to as late as 3 weeks postnatal [147] or even into adulthood [148] . It is worth noting that hypoxia is the major driving force in embryonic vasculogenesis [149] . TGFβ acts in synergy with hypoxia inducible factor 1α (HIF-1α) to promote VEGF Figure 3 . TGFβ stimulates cardiac resident fibroblast-to-myofibroblast transition Stress-induced TGFβ release from the latent complex leads to the activation of membrane-bounds TGFβ receptor complexes, which induces Smad2/Smad3 and multiple non-Smad signaling pathways, including TAK1, MAPK/p38, and Rho-GTPase/Rock for activation of myofibroblast specific genes, such as α-SMA, Col-I, Col-III, Postn. Smad2/Smad3 also induce the expression of Nox4, which generates ROS to maintain myofibroblast phenotypes. Additionally, GPCRs activated by angiotensin or endothelin activate the Rho-GTPase/Rock to promote myofibroblast formation. Mechanical force directly activates TRPC6 channel to induce fibroblast-to-myofibroblast transition via Ca 2+ /Calcineurin/NFAT pathway.
gene expression in human endothelial cells [150] , but whether TGFβ participates in hypoxia-induced angiogenesis during heart development remains largely unclarified. Mice that are null of either TGFβRI (Alk5), activin receptor-like kinase 1 (Acvrl1 or Alk1) or endoglin (Eng) genes show embryonic lethality due to major defects in angiogenesis and heart development. Mice with TGFβ1 or TGFβRII deficiency die at E14.5 with failed vascular plexus formation in the heart [151] . In an embryonic chick epicardial explant study, both TGFβ1 and TGFβ2 inhibit endothelial induction, but promote smooth muscle cell formation [152] . These limited data indicate that TGFβ1 controls early coronary development in a delicate spatiotemporal way. Unfortunately, no research has investigated TGFβ specifically during the later stage when coronary arteriogenesis occurs [148] .
GFP labeled-BMP signaling reporter (BRE::gfp) mice exhibit dynamic mosaic BMP expression in various angiogenic sprouting plexuses and the endocardium in the developing mouse heart [145] . Interestingly, proliferating endothelial cells were almost exclusively GFP − (low level of BMP-Smad1/5/8 signaling), but neighboring non-proliferating endothelial cells are GFP + in the developing heart [144] . It was further elucidated based on Smad1/5/8 signaling that tip-cells (low signaling) rather than stalk-cells (high signaling) were selected for vessel branching [142, 153] . During cardiogenesis, BMPs crosstalk with several key signaling molecules, such as Notch, Wnt, and FGF to tightly control the development and homeostasis of the epicardium, endocardium, outflow tract, and valve [154] [155] [156] [157] . Nevertheless, not many vasculogenesis/angiogenesis-focused studies have directly targeted TGFβ superfamily during the later stage of embryonic heart development or in adult heart [148] . A wealth of evidence in vasculogenesis/angiogenesis of the vascular system outside the heart has shown that BMP signaling has either pro-angiogenic or anti-angiogenic functions, depending on the ligand-receptor combination and cellular targets [143, 158] . For example, BMP9, a circulating BMP, suppresses both FGF-induced and VEGF-induced angiogenesis in vitro via Alk1 receptor, and even inhibits lymphatic vessel formation [159] [160] [161] . On the contrary, low concentration of BMP9 promotes proliferation and migration in multiple types of endothelial cells in vitro and in vivo [162] . BMP2, 4, 6, and 7 induce endothelial cell proliferation, migration and angiogenesis in vitro and in vivo [143] . In zebrafish embryo, BMP2b and BMP6 promote sprouting in concert with Notch signaling [163] . It is worth noting that excessive BMP signaling is associated with vascular inflammation, endothelium calcification and atherosclerosis [164, 165] . Therefore, the precise control of autocrine and paracrine BMP signaling is a prerequisite to produce beneficial outcomes for the heart.
The majority of coronary smooth muscle cells and pericytes are formed via EMT from the epicardium [166, 167] , which is derived from proepicardium [168] . TGFβ is a potent inducer of the vascular smooth muscle cell (VSMC) fate [169] . Smad3, in synergy with SRF and δEF1 (also known as ZEB-1), activates smooth muscle-specific genes following TGFβ stimulation [170] . TGFβ also inhibits proliferation and migration of VSMCs [171] [172] [173] . Interestingly, TGFβ-induced differentiation of VSMCs from precursor cells is more robust when in contact with endothelial cells, as indicated by co-culture experiments [174] . In contrast to TGFβ, BMP2 stimulates VSMC migration, as shown by a transwell migration assay [175] . BMP2 also inhibits VSMC proliferation, an effect similar to TGFβ [175] . BMP7 also inhibits VSMC proliferation, and promotes VSMC fate maintenance in culture [176] . Both BMP4 and TGFβ have been shown to maintain VSMC-specific gene transcription through the processing of miR-21, downstream of Smad activation [177] .
Pericytes in the retina and kidney have been shown to differentiate into myofibroblasts in response to TGFβ [178, 179] . However, despite a few studies showing that pericytes may be a potential source of fibrosis in the heart [135, 180] , it is unknown whether TGFβ induces pericyte activation in the heart or coronary blood vessels. Future studies are needed to investigate this intriguing possibility.
Perspectives
TGFβ superfamily pathways exert diverse functions during cardiac dysfunction in a context-dependent manner. A global manipulation of TGFβ pathway components often produces divergent effects in different target cell types. The development of tissue-specific Cre lines has significantly improved the understanding of tissue-specific functions of TGFβ superfamily pathways and elucidated many of the confounding outcomes from global manipulation of TGFβ pathway components. Recent findings suggest that targeting TGFβ-induced Smad3 signaling in myofibroblasts is a promising strategy to treat cardiac fibrosis and improve cardiac function in mouse chronic injury models. It remains challenging, however, to target and manipulate TGFβ signaling in a myofibroblast-specific manner for the development of translatable approaches. Another important question is the role of BMPs during cardiac dysfunction. The functions of many BMP ligands have been characterized in the context of cardiovascular development, but their roles in the adult cardiac diseases remain poorly understood. Much progress is needed in defining their functions during cardiac remodeling and dysfunction.
